An eco-hydrodynamic (ECOH) model is proposed for Lake Tanganyika to study the plankton productivity. The hydrodynamic sub-model solves the non-linear, reduced-gravity equations in which wind is the dominant forcing. The ecological sub-model for the epilimnion comprises nutrients, primary production, phytoplankton biomass and zooplankton biomass. In the absence of significant terrestrial input of nutrients, the nutrient loss is compensated for by seasonal, wind-driven, turbulent entrainment of nutrient-rich hypolimnion water into the epilimnion, which gives rise to high plankton productivity twice in the year, during the transition between two seasons. Model simulations predict well the seasonal contrasts of the measured physical and ecological parameters. Numerical tests indicate that the half saturation constant for grazing by zooplankton and the fish predation rate on zooplankton affect the zooplankton biomass measurably more than that of phytoplankton biomass. This work has implications for the application of this model to predict the climatological biological productivity of Lake Tanganyika.
Introduction
Lake Tanganyika (Fig. 1) is the third largest inland water body in the world after the Caspian Sea and Lake Baikal. It plays a vital role in the economy and food source of the surrounding riparian nations. It is a meromictic tropical lake: complete overturning of the water never takes place and mixing occurs only partially. The upper layer undergoes seasonal temperature change annually, while the hypolimnion is anoxic with an invariant temperature. The latter is a vast reservoir of nutrients largely isolated from surface influences. ity . While nutrient recycling in the upper euphotic layer takes place throughout the year, the supply of nutrients is often a limiting factor for algal growth (Edmond et al., 1993; Hecky et al., 1993; Järvinen et al., 1999) . The nutrient loading is mainly internal nutrients from within the lake; riverine or atmospheric input of nutrients is considered negligible for Lake Tanganyika (Hecky and Fee, 1981; Sarvala et al., 1999; Langenberg et al., 2003a) . Because of its great depth, Lake Tanganyika is like the ocean in that most of the nutrients in the system are in the deep water, and nutrient supply to the mixed layer, where photosynthesis can occur, is dependent on vertical mixing processes (Hecky and Fee, 1981; Hecky et al., 1991) . Nutrients from the hypolimnion are supplied to the epilimnion mainly by wind-driven upwelling of the strong southeast winds during the dry season (Hecky et al., 1991; Langenberg et al., 2003b; . This upwelling results in the seasonal enhancement of the nutrients in the euphotic layer. During the wet season, the primary production is smaller and is primarily dependent on the nutrients regenerated within the epilimnion . In this paper the above mentioned hydrodynamic, thermodynamic and ecological processes are incorporated into an eco-hydrodynamic model to study the primary productivity of Lake Tanganyika. Numerical simulations of the primary food web are carried out including one nutrient, phytoplankton biomass and zooplankton biomass. Nutrient is mainly being supplied to the epilimnion from the hypolimnion due to entrainment, river and rain inputs are not considered. The hydrodynamic model comprises non-linear, reduced-gravity equations. Handoh and Bigg (2001) have used this type of model to study the primary productivity in the tropical open ocean. The hydrodynamic sub-model successfully simulates the period and amplitude of the thermocline oscillations, their origin and internal Kelvin waves in the lake (Naithani et al., 2002 (Naithani et al., , 2003 Naithani and Deleersnijder, 2004) .
Literature abounds with lake ecosystem models developed during the last few decades. These models range from the over simplified input-output models to more complex 1-dimensional and fully developed 3-dimensional models (Reynolds and Irish, 1997; Ahlgren et al., 1998; Krivtsov et al., 1998; Karagounis et al., 1993; Bonnet and Wessen, 2001) . Jorgensen and Bendoricchio (2001) give an overview of several models of different levels of complexity. An existing model needs recalibration and often changes in model structure if applied to other lakes (Jorgensen et al., 1986; Hamilton and Schladow, 1997; Pers and Persson, 2003; Mieleitner and Reichert, 2006) . Since hydrodynamics of Lake Tanganyika was already studied extensively using the non-layer reducedgravity model developed for the purpose. It was decided to develop a simple ecosystem model to be coupled to the hydrodynamic model of Lake Tanganyika. The hydrodynamic model was modified to accommodate the exchange of water between hypolimnion and epilimnion through entrainment and detrainment during upwellings and downwellings, respectively.
Eco-hydrodynamic (ECOH) model of Lake Tanganyika
The model consists of a hydrodynamic component, thermodynamic component and an ecological module.
Hydrodynamic sub-model
The hydrodynamic sub-model is the modified version of the non-linear, two-layer, reduced-gravity model developed for Lake Tanganyika and used in earlier studies (Naithani et al., 2002 (Naithani et al., , 2003 Naithani and Deleersnijder, 2004 ). Here we have included entrainment and detrainment terms. Hypolimnion water is entrained into the upper layer in the upwelling regions during strong winds, and is detrained in the downwelling regions. The epilimnion water budget equation is:
where x and y are horizontal axes, u and v are the depth integrated velocity components in the surface layer in the x and y directions, t is the time, is the downward displacement of the thermocline, H = h + is the thickness of the epilimnion (the surface, well-mixed layer), h is the reference depth of the upper layer (m) and w e is the entrainment velocity (m s −1 ) defined as:
where the first term on the right hand side of Eq.
(2) is inspired by Price (1979) , x and y are horizontal components of specific wind stress in x and y direction (m 2 s −2 ), ε = ( b − s )/ b , is the relative density difference between the hypolimnion ( b ) and the epilimnion ( s ) respectively, w d is the detrainment term (m s −1 ). w d is defined such that the annual mean of the epilimnion volume remains approximately constant. There are large uncertainties in the parameterization of entrainment and detrainment terms. As a consequence, to avoid occasional occurrence of spurious values of , a relaxation term ( /r tt ) is needed which slowly nudges the upper layer depth toward its equilibrium position. The relaxation timescale, r tt , is sufficiently long so that the relaxation term is generally smaller than the entrainment and detrainment terms. w e is positive (negative) in the upwelling ( 
where f is the Coriolis factor (<0 in the southern hemisphere), A s is the horizontal eddy viscosity in the s (=x, y) direction, w − e = w e − |w e | /2 is the negative part of the entrainment velocity, i.e. w − e is equal to w e if w e < 0 and is zero otherwise. Below, use will be made of the positive part of the entrainment velocity, which is defined as w + e = w e + |w e | /2.
Thermodynamic sub-model
The surface layer temperature is predicted using the equation:
where Â is the surface layer temperature, Â s is the reference temperature of the surface layer, Â h is the temperature of the hypolimnion water and r ts is the relaxation time scale for surface fluxes.
Ecological sub-model
The ecological sub-model ( phytoplankton and zooplankton) is modelled using the conservation equation:
where X is the concentration of the respective ecological parameter in the epilimnion (G − D) X is the growth/destruction term for the corresponding variable (X), K s is the horizontal eddy diffusivity in the s (=x, y) direction, he is the flux of X from the hypolimnion to the epilimnion, X h is the value of X in the hypolimnion and vice-versa.
Phytoplankton
The source/sink term for the phytoplankton carbon biomass evolution is:
where Phyto is the phytoplankton carbon biomass (g C/L), is the daily growth rate (d −1 ), r p is the loss due to respiration (d −1 ), m p is the mortality loss (d −1 ), w s is the settling rate (m d −1 ), g r is the loss due to grazing by zooplankton (d −1 ) and Zoo is the zooplankton carbon biomass (gC/L). The phytoplankton daily growth rate is:
where max = 2P max f(I) is the maximum photosynthetic production, P max is the maximum carbon-specific photosynthetic rate, f(I) is the light limitation factor and f(P) is the phosphorus limitation factor. F(P) is defined according to Michaelis and Menten kinetics:
where Phos is the concentration of the dissolved phosphate (g P/L) and k phos is the half saturation constant for growth. The light limitation is defined as:
where k e = 0.07Phyto/100 + 0.066 is the extinction coefficient based on field data ( Fig. 3) , I k is the light saturation constant and I 0 is the solar insolation reaching the surface of the lake or the photosynthetically active radiation (PAR). Gross primary production, GP is defined as:
where z eu = 4.6/k e is the euphotic depth. The grazing rate, g r is defined as: 
where g max is the maximum grazing rate per day, ILL is the incipient limiting level, Phyto min is the threshold below which zooplankton do not graze and k phyto is half-saturation constant for grazing.
Zooplankton
The source/sink term for the zooplankton carbon biomass evolution is:
where Zoo is the zooplankton carbon biomass (gC/L), z is the daily growth rate, m z is the loss due to mortality (d −1 ), p is the predation rate by zooplanktivorous fishes (d −1 ) and F is the zooplanktivorous fish biomass. The zooplankton growth rate, z depends on zooplankton grazing rate. A fraction, g a of the ingested food is assimilated through the gut wall, while the rest is egested as fecal pellets (Elser et al., 1995) . Metabolic requirements consume a fraction, g m of the assimilated carbon. The elements not respired are incorporated into new biomass. The zooplankton growth rate is modelled by:
where (1 − g m )·g a (=g e ) is the growth efficiency of zooplankton.
The zooplanktivorous fish biomass is assumed equal to that of zooplankton biomass and the predation rate is: p = pred max Zoo Zoo + k zoo for Zoo > Zoo min (15) p = 0 for Zoo < Zoo min where pred max is the maximum predation rate (d −1 ), Zoo min is the zooplankton biomass below which predation ceases and k zoo is the half-saturation constant for predation. Settling is not included in the model, because zooplankton is mobile and can swim to avoid sinking into the hypolimnion (Jorgensen and Bendoricchio, 2001 ).
In the model, recycling of phosphate, P from zooplankton grazing process comes from two sources: the remineralization of fecal matter and the excretion of excess P. The amount, F f of P egested from the gut and recycled in the water column is defined as:
where p f is the recycled fraction of egested P. The amount of P assimilated in excess is directly excreted by zooplankton in a dissolved form. This amount E is defined by:
Nutrients
As discussed in the introduction only the nutrient entrained from hypolimnion is considered. Nutrient inputs from river and rain have not been considered. Only phosphorus is modeled, as it appeared from observations on seston stoichiometry that C:P and N:P ratios indicated more frequent instances of phosphorus limitation than nitrogen limitation (data not shown). Previous studies have shown that phosphorus is the nutrient most likely to limit phytoplankton growth in Lake Tanganyika (Järvinen et al., 1999) . Time evolution of phosphate in the model is determined by uptake by phytoplankton, remineralization of dead phytoplankton and zooplankton, zooplankton egestion and excretion. A percentage p ws , p p , p z and p f , respectively of settling phytoplankton, dead phytoplankton, dead zooplankton and fecal pellets are directly recycled. Therefore,
where Phos is the dissolved phosphate pool (gP/L).
Observations
Observations -depth of the mixed layer (determined from vertical CTD profiles), -soluble reactive phosphorus (SRP) averaged for the euphotic zone, -phytoplankton biomass in the mixed layer, from vertical profiles chlorophyll a, converted to phytoplankton carbon using a C:chlorophyll a ratio of 100, obtained from linear regression of chlorophyll a versus seston organic carbon (Descy and Gosselain, 2004) ; -zooplankton biomass, estimated from counts of adult copepods on 100 m mesh plankton net samples from 0 to 100 m, converted to dry weight and then to zooplankton carbon.
Results

Model forcings
The parameters, variables and constants used in the model are listed in Table 1 along with their values used in the present work. The hydrodynamic model was initialized with wind forcing obtained from NCEP. The near surface wind data for 30 • E, 7.5 • S were used to calculate the two-components of the wind stress. The wind-stress was assumed to be uniform over the whole lake. Fig. 4 shows the time series plots of the horizontal wind, photosynthetically active radiation (PAR) and the surface wind-stress during 2002-2003. In the year 2002 the winds were stronger over a longer period than in 2003. Fig. 5a and b show the time series of observed and predicted mixed-layer (epilimnion) depth, and the depth-averaged concentration in the epilimnion of phosphate, the phytoplankton gross production, the phytoplankton and zooplankton biomass at Mpulungu and Kigoma (see a location map in Fig. 1) , respectively. The physical model simulated well the surface layer depth, its increase during the dry season and Fig. 4 -NCEP reanalysed horizontal wind speed, PAR and  the y-component of wind-stress . decrease at the end. The ecological model predicts well the upwelling of nutrients at the beginning of the dry season and their decrease at the end. The model simulates satisfactorily the onset and the magnitude of the phytoplankton increase at the beginning of the dry season, its decrease in the middle of the season and its second increase at the end of the dry season. The minimum values during the wet season are also well predicted by the model. Furthermore, the model reproduces well the north-south gradient in the magnitude of each variable. Most of the simulated parameters show a reasonably good correlation with the measurements.
Model simulations
Sensitivity tests
Model sensitivity was tested for two parameters, which appear most critical, k phyto and predator biomass. Table 2 shows the percentage change in the ecological parameters during the sensitivity tests. Fig. 6 shows the results of numerical tests performed to study the influence of the half-saturation constant for grazing, k phyto on the variability of phytoplankton and zooplankton biomass off Kigoma and Mpulungu, respectively. Increasing (decreasing) the half-saturation constant for grazing decreased (increased) the zooplankton biomass and increased (decreased) phytoplankton biomass. The change in the phytoplankton biomass is almost half the change in the zooplankton biomass.
Reliable data are unavailable on predator abundance though it appears that the biomass of zooplanktivorous fish is about equal to that of zooplankton ). In the model simulations, the zooplanktivorous fish biomass was set equal to that of zooplankton biomass. In order to estimate the sensitivity of this assumption on the food web, the zooplanktivorous fish biomass was varied, the results of this sensitivity tests are shown in Table 2 and Fig. 7 . A 25% decrease of zooplanktivorous fish biomass increased the zooplankton biomass by around 35%. When the zooplanktivorous fish biomass was set equal to half the zooplankton biomass, the latter increased by 100% and a 25% increase of zooplantivorous fish biomass decreased the zooplankton biomass by around 13%. For these tests with the predator population the change in the phytoplankton biomass is much less than the change in the zooplankton biomass.
Discussion
The surface layer depth starts increasing at the beginning of the dry season because of wind driven mixing and remain at greater depth during the whole season. It decreases at the end of the dry season and remain more of less at this depth during the wet season until the beginning of the next dry season. Phosphorus concentration, likewise, starts increasing with the beginning of strong wind season due to upwelling of nutrients from below, remains high for the rest of the dry season because of almost continuous upwelling and decreases at the beginning of the wet season. Increase in the biomass of phytoplankton at the beginning of the dry season is natural because of the input of nutrients in the surface layer. However, the phytoplankton biomass cannot sustain at this high value and decreases in spite of the continuous abundance of nutrients. This is because of the increased depth of the surface layer the phytoplankton is now subject to light-limitation. Phytoplankton biomass shows another bloom at the end of the dry season when there are still enough nutrients and the surface layer depth is shallower. Phytoplankton biomass seems to exhibit a very good compromising dependency on nutrient-limitation and light-limitation. A simple ecological model coupled to a hydrodynamic model successfully predicted the dynamics of primary productivity in Lake Tanganyika during [2002] [2003] . There are dif-ferences between simulations and observations, they are relatively small, and can be attributed to a number of factors, including the fact that a uniform wind stress was assumed over the whole lake, and that nutrient inputs from rain and rivers were neglected. Despite the shortcoming of the model, the range of predicted plankton biomass is well in the range of observed data and the variation of phytoplankton biomass is correctly represented. Given that the model includes only one nutrient and does not detail phytoplankton components at this stage, simulated variables show a reasonably good relation with the measurements or biomass estimates.
While the ecological sub-model is simple, the agreement between observations and predictions is encouraging. Our results are in agreement with earlier studies indicating that Lake Tanganyika phytoplankton is confronted with restricted nutrient supply (Edmond et al., 1993; Hecky et al., 1993; Järvinen et al., 1999) . The estimate of primary productivity is within the range of values given by Hecky and Fee (1981) , Sarvala et al. (1999) and Langenberg et al. (2003b) . Another interesting result from the sensitivity analyses is that the primary production, which strongly depends upon the light in the water column and entrainment of nutrients, is bottom-up controlled. While, it seems that predator abundance strongly controls zooplankton biomass (top-down control). By contrast, fish predation influence seems reduced on the phytoplankton level. In other words, any change in predator biomass significantly affects the herbivore biomass, but has little influence on phytoplankton biomass. Indeed, in our simulations, reduced Fig. 7 -Same as Fig. 6 for predator biomass equal to zooplankton biomass (solid), predator biomass more than 25% of zooplankton biomass (dash), predator biomass less than 25% of zooplankton biomass (dash-dot) and predator biomass half of zooplankton biomass (dotted).
grazing pressure from top to down control of mesozooplankton did not increase phytoplankton abundance considerably. This is similar to the conclusion made by Järvinen et al. (1999) that in planktivore dominated Lake Tanganyika zooplankton are not able to control phytoplankton, and therefore, light or nutrient limitation and resource competition seem to be common among the latter. This should be, however, verified by further field studies on the actual grazing pressure exerted by mesozooplankton, and by surveys of fish populations accurate enough to provide estimates of predation by planktivorous fish.
Conclusions
This work demonstrates that the biological productivity of Lake Tanganyika can be assessed by ECOH model. The study shows that the lake is not eutrophicated, as is apparent by the high visibility and the small values of phytoplankton concentration. As reported by earlier studies the understanding of the inter-relationship between hydrological and ecological processes will help on the design of procedures for the management of Lake Tanganyika resources and fisheries (Coulter, 1977; Hecky, 1984) . The upwelling-productivity relationship addressed by the ECOH model can be used to address the impact of physical and climatological processes on the ecological behaviour of the Lake and to construct its past climatological biological productivity. The model can be further exploited for the paleolimnological studies of the Lake.
